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ABSTRACT
Type Ia supernovae (SNe Ia) originate from the thermonuclear explosions of carbon-oxygen (C-O)
white dwarfs (WDs). The single-degenerate scenario is a well-explored model of SNe Ia where unstable
thermonuclear burning initiates in an accreting, Chandrasekhar-mass WD and forms an advancing
flame. By several proposed physical processes the rising, burning material triggers a detonation, which
subsequently consumes and unbinds the WD. However, if a detonation is not triggered and the defla-
gration is too weak to unbind the star, a completely different scenario unfolds. We explore the failure
of the Gravitationally-Confined Detonation (GCD) mechanism of SNe Ia, and demonstrate through
2D and 3D simulations the properties of failed-detonation SNe. We show that failed-detonation SNe
expel a few 0.1 M⊙ of burned and partially-burned material and that a fraction of the material falls
back onto the WD, polluting the remnant WD with intermediate-mass and iron-group elements, that
likely segregate to the core forming an WD whose core is iron rich. The remaining material is asym-
metrically ejected at velocities comparable to the escape velocity from the WD, and in response, the
WD is kicked to velocities of a few hundred km s−1. These kicks may unbind the binary and eject a
runaway/hyper-velocity WD. Although the energy and ejected mass of the failed-detonation SN are a
fraction of typical thermonuclear SNe, they are likely to appear as sub-luminous low-velocity SNe Ia.
Such failed detonations might therefore explain or are related to the observed branch of peculiar
SNe Ia, such as the family of low-velocity sub-luminous SNe (SN 2002cx/SN 2008ha-like SNe).
Subject headings: supernovae: general — supernovae: individual (2002cx, 2008ha) — hydrodynamics
— white dwarfs — ISM: supernova remnants
1. INTRODUCTION
Type Ia supernovae (SNe Ia) are among the most ener-
getic explosions in the known universe, releasing ∼ 1051
ergs of kinetic energy in their ejecta, and synthesizing
∼ 0.7 M⊙ of radioactive
56Ni. The discovery of the
Phillips relation (Pskovskii 1977; Phillips 1993) enabled
the use of SNe Ia as standardizable cosmological candles,
and has ushered in a new era of astronomy leading to the
discovery of the acceleration of the universe (Riess et al.
1998; Schmidt et al. 1998; Perlmutter et al. 1999), and
to the 2011 Nobel Prize in physics.
Models of normal SNe Ia, such as the single degener-
ate (SD) model, focus on exploding the WD in order to
produce the explosion energies, luminosities, and typical
velocities observed in normal SNe Ia. This is accom-
plished either by consuming enough of the WD with the
initial subsonic buring phase — or deflagration phase
— to unbind the WD as theorized by the Pure Defla-
gration (PD) (Gamezo et al. 2005; Ro¨pke & Hillebrandt
2005) model, or consuming the entire WD by a detona-
tion triggered by the deflagration phase as posited by the
deflagration-to-detonation transition (DDT) (Khokhlov
1991; Gamezo et al. 2004, 2005), the Pulsating Re-
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verse Detonation (PRD) (Bravo & Garc´ıa-Senz 2009;
Bravo et al. 2009), and the GCD (Calder et al. 2004;
Jordan et al. 2008; Meakin et al. 2009; Jordan et al.
2012) models of SNe Ia.
In the following, we present a novel variant of SD model
of SNe Ia in which the deflagration is too weak to un-
bind the star6 and a detonation is not triggered by any
of the proposed mechansisms, resulting in the survival
of a bound remnant of the original WD. We present
for the first time predictions of these failed-detonation
(FD) SNe from 2D and 3D simulations. We show that
FD models have numerous remarkable implications for
the observable properties of the resulting explosion and
its outcomes. These include the production of a family
of peculiar SNe Ia events with low expansion velocities,
low luminosities and low ejecta-mass — whose properties
are broadly consistent with the observed properties of a
branch of peculiar SNe Ia similar to SN 2002cx and/or
SN 2008ha. Even more remarkably, the remnant WD re-
ceives a large velocity kick from the asymmetric nature of
the deflagration, and is enriched with both intermediate-
mass (IME’s) and iron-group elements (IGE’s), forming
a peculiar WD with a heavey/iron-rich core.
Previous work has suggested that though the PD
model has shortcomings explaining normal SNe Ia, they
may explain 2002cx-like SNe (Branch et al. 2004). The
WD, however, is fully incinerated in these models, pro-
ducing a Chandrasekhar-mass of ejecta. Such models
might therefore not be able to explain the large diversity
recently observed among SNe of this peculiar class of
6 We acknowledge related work by Kromer et al. (2012) that
appeared as this article was going to press.
2SNe. Additionally, a study by Livne et al. (2005) of ini-
tial conditions for the PD model produced situations that
they termed “fizzles” which did not produce a healthy
PD explosion and left the WD bound. They did not
pursue these models beyond the scope of their study, nor
did they relate these fizzles to peculiar SNe Ia.
2. AVOIDING THE TRANSITION TO DETONATION
The FD scenario requires that no detonation is trig-
gered as a result of the deflagration event. We briefly
touch on the possibility of the PRD and GCD failing to
trigger a detonation. We first make the general assump-
tion that is made in the PD, PRD, and GCD scenarios,
namely that the DDT mechanism is not active. We refer
the reader to Bravo & Garc´ıa-Senz (2009) for a discus-
sion of the justification of this assumption, the details of
which are beyond the scope of this work.
In the PRD model, ash ejected during the deflagra-
tion phase falls back onto the WD. An accretion shock
formed by infalling ash surrounds and heats fuel re-
maining in the WD core, which in turn triggers a det-
onation. Bravo & Garc´ıa-Senz (2009) reported that the
PRD could not trigger a detonation if the energy released
during the deflagration was near that of the binding en-
ergy of the WD. This situation is realized in our simula-
tions.
Jordan et al. (2012) (hereafter J12) detail how the
GCD mechanism triggers a gradient-induced detonation
when ash from the deflagration flows over the stellar sur-
face, mixes with cold fuel, collides at the antipodal point
from break out, and is squeezed to the necessary temper-
atures and densities by the contracting WD. Models pre-
sented here show that a detonation via the GCD mech-
anism is avoided alltogether. The primary difference be-
tween these models and those of J12 is the amount of
energy released during the deflagration. More energy is
released and delivered to the WD than in J12; thus, more
mass is consumed by the flame and ejected from the WD
than previously. The WD is modified to a higher de-
gree and as a result the WD can not contract enough
to squeeze the fuel-ash mixture to the critical conditions
for detonation. Therefore the star never detonates. We
note that Ro¨pke et al. (2007) also investigated the fail-
ure of the GCD mechanism; however, their simulations in
which the WD was still bound and star did not detonate
were stopped before the contraction phase. J12 discussed
these models and showed that had Ro¨pke et al. (2007)
run their simulations longer, they would have most likely
triggered a GCD on contraction.
The FD scenario thus occurs when a weak deflagra-
tion leaves a partially bound WD (in constrast to the
PD model) and the conditions for detonation are never
realized (and the DDT is avoided).
3. SIMULATIONS OF THE FD MODEL
3.1. Simulation Setup
We used the Adaptive Mesh Refinement (AMR)
FLASH application framework (Dubey et al. 2009;
Fryxell et al. 2000) to perform our simulations of FD
models. FLASH has been previously used to simu-
late SNe Ia in both 2D cylindrical and 3D Cartesian
geometry (Jordan et al. (2008); Meakin et al. (2009);
Krueger et al. (2012), J12). Our simulations include
an advection-diffusion-reaction (ADR) treatment of the
thermonuclear flame (Calder et al. 2007; Townsley et al.
2007; Seitenzahl et al. 2009b), an equation of state that
includes contributions from blackbody radiation, ions,
and electrons of an arbitrary degree of degeneracy
(Timmes & Swesty 2000), and the multipole treatment
of gravity (ASC FLASH Center 2012).
We performed four 3-dimensional (3D) exploratory
simulations to test the feasibility of the FD and 1 full
2-dimensional (2D) model to adequately observe the FD
at late times.
Our 3D simulations included a reduced domain size
and a moderate resolution (8 km) which reduced their
computational expense. We initialized these simulations
similarly to those in J12 with a 1.365 M⊙ WD placed at
the origin of the domain. We used the same distribution
of sixty three, 16 km radius ignition “points” distributed
in a 128 km radius spherical volume. We chose 48 km,
38, km, 28 km, and 18 km as offset distances along the
z-axis of the spherical volume. Note that these offsets are
closer to the WD core than in J12 and lead to more bur-
ing during the deflagration phase. Table 1 lists the ini-
tial conditions for each simulation and the corresponding
names we gave them. We ran the simulations from igni-
tion, through peak stellar expansion, and at least until
the WD reached a maximum central density upon con-
traction.
Our 2D simulation was performed with a large domain
in 2D cylindrical geometry at 4 km resolution and ran for
60 seconds. This simulation was initialized similarly to
the 3D simulations except we placed only 4 bubbles in a
64 km spherical volume offset by 70 km along the z-axis
(axis of symmetry). We chose these initial conditions
to obtain an FD in 2D given what we learned from our
3D simulations. The larger domain size allowed us to
follow the outer layers of the ejecta for the entirety of
the simulation.
3.2. Simulation Results
We obtained an FD from each of our simulations. Ta-
ble 1 contains a collection of their properties.
The deflagration liberated between 89% and 167% of
the binding energy of the WD. However, in each simula-
tion the deflagration fails to unbind the WD. The WD
expands in response to the deflagration, reaches its max-
imum level of expansion, and then contracts. Figure 1
shows the evolution of the central density, ρc, of the WD
and illustrates the oscillatory nature of the WD after the
deflagration. The more energy released during the de-
flagration, the more the star expanded, the longer the
pulsational period, and the smaller ρc at maximum con-
traction.
The fact that the deflagration releases more than 100%
WD binding energy in some models suggests that the
WD should be unbound after the deflagration; however,
the entire energy budget does not work to only unbind
the star. For example, some of the energy is lost when
the ejecta and the remnant WD are accelerated to high
velocities. Even though the deflagration liberates enough
energy to completely unbind the star, the energy is par-
titioned in such a way that a portion of the original WD
remains gravitationally bound.
In each of our models, the WD gets a kick in the op-
posite direction from which the buoyant ash rises and
breaks through the surface of the star. We measured this
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Fig. 1.— The central density, ρc, of the WD vs time.
velocity to be on the order of hundreds of km s−1and list
these values for each simulation in table 1. We note that
momentum conservation is better than 10% of the mo-
mentum of the WD kick in our simulations. Some of the
material from the FD escapes and achieves high veloci-
ties, while some of the material is bound to the remnant
WD and will eventually accrete onto its surface. Table
1 lists the composition of material that remains gravita-
tionally bound and eventually will mix with the remnant
WD. In all cases between 0.04 M⊙ and 0.2 M⊙ of IME’s
and IGE’s (some of which is radioactive 56Ni) remained
bound to the star. The evolution of the WD as the ma-
terial falls back onto and heats the star is an interesting
question and one which we will examine in future work.
The composition of the material that escapes the sys-
tem is also listed in table 1 along with the kinetic energy
and the mass-weighted velocity of the ejecta. This mate-
rial includes carbon and oxygen, IME’s, and IGE’s, and
ranges from 0.2 to 1.0M⊙. In general, the more material
that is burned during the deflagration, the more material
that escapes.
Figure 2 shows shows the density structure and com-
position with overlaid velocity contours of the 2D model
at 60s. Note that the density profile of the FD model
is asymmetric in velocity space between the hemisphere
corresponding to the ejected deflagration and the oppo-
site hemisphere of the system. The remnant of the WD
can be seen as the tiny high-density feature slightly below
the origin of the domain.
The figure also shows the nature of the asymmetry in
composition of the structure. The north side of the rem-
nant contains the products of the deflagration that were
sprayed from the surface of the WD. Clumpy structures
of IME’s and IGE’s exist at a range of velocities in the
northern hemisphere of the domain but are less abundant
in the southern hemisphere. The asymmetries suggest
that this object would look much different depending on
the viewing angle of the observer.
All of our models produce a relatively small amount
of radioactive 56Ni. Though we do not perform detailed
nucleosynthetic post processing of the 3D models, we can
set an upper limit on the 56Ni yields with the amount of
IGE’s produced, which ranges from 0.2 M⊙ to 0.34 M⊙.
Neutronization through electron capture reactions dur-
ing the deflagration would shift production away from
56Ni though and reduce its contribution to the IGE to-
tals. Whether even lower masses of IGE’s (and thus
56Ni) could be produced under appropriate conditions
(e.g. comparable to that observed in SN 2008ha, a very
faint SN with extremely low ejecta velocities), is yet to
be explored.
In summary, we find that a remnant of the WD sur-
vives the FD SN event with a lower mass than the orig-
inal. The remaining bound stellar material is kicked by
the ejection of the ash and obtains a velocity of hundreds
of km s−1. An asymmetric outburst of deflagration prod-
ucts rich in IGE’s (such as Fe, Co, and Ni) and containing
some IME’s (such as Mg, Si, and S) is produced. Some
of this material attains escape velocity and some falls
back onto the star. The velocity of the escapting outflow
was slow (approximately a few thousand km s−1) related
to normal SNe Ia as a result of the comparatively small
amount of energy released in the FD scenario. Due to the
weak nature of the deflagration, the FD only converted
15% and 25% of the WD to 56Ni, compared to normal
SNe Ia which convert nearly half of the WD to 56Ni. Fi-
nally, the collection of simulations we present produces a
range of values for each of the discussed properties which
suggests a population of events within this class of model.
4. DISCUSSION AND PREDICTIONS
4.1. Sub-luminous Low-Velocity SNe
The most prominent features of the FD models are the
low mass and low velocity of the ejecta, which trans-
late into the production of typically sub-luminous, low-
velocity SNe Ia. It is therefore natural to examine
whether SNe with such characteristics have already been
discovered. In particular, one may explore peculiar SNe
exhibiting either extremely low mass ejecta, such as SN
2008ha (Foley et al. 2009; Valenti et al. 2009), or low
ejecta velocity such as SN 2002cx-like SNe (Li et al. 2003;
Branch et al. 2004; Jha et al. 2006).
Normal SNe Ia differ in their ejecta velocities as mea-
sured in some standard method, but they generally fall
between 9000−14000 km s−1 near peak luminosity, with
similar dispersion at later times (as derived from the Si II
line (Benetti et al. 2005)). The velocities of even the low-
est velocity SNe in the Benetti et al. (2005) sample much
exceed the mass-averaged FD velocities listed in table 1.
We also note a trend in our simulations of more energetic
and likely more luminous (larger IGE yield) SNe to be
accompanied by higher ejecta-velocities over almost an
order of magnitude in kinetic energy. The only other type
of SNe with such low expansion velocities are the branch
of peculiar type Ia SNe, named for the prototype for this
class of supernovae, 2002cx (Li et al. 2003; Branch et al.
2004; Jha et al. 2006); such SNe may also have an energy-
velocity correlation (McClelland et al. 2010) as observed
in our simulations.
SN 2002cx-like events are characterized by luminosities
which lie too low in comparison to the Phillips relation
for Branch-normal Ia events (Li et al. 2003), low pho-
tospheric velocities (Li et al. 2003), weak intermediate-
mass element lines (Branch et al. 2004), and late-time
optical nebular spectra dominated by narrow Fe II lines
(Branch et al. 2004; Jha et al. 2006). Since the discov-
ery of SN 2002cx, a number of other 2002cx-like events
4Fig. 2.— Images from the 2D70 simulation. The black contour marks the transition between gravitationally bound and escaping material.
The white contours are of the magnitude of the velocity field. From the inner most contour and moving outwards, the values are: 2,000 km
s−1, 4,000 km s−1, 6,000 km s−1, 8,000 km s−1, and 10,000 km s−1. The images show the simulation at 60 seconds. (left) Log density of
the remnant. The values of the density are given by the color bar on the left. (right) The composition of the remnant. Blue is C-O, green
is IME’s, and red is IGE’s.
have been discovered, including 2002es, 2005P, 2005hk
(Chornock et al. 2006), 2008ge (Foley et al. 2010a) and
2008ha (Foley et al. 2009; Valenti et al. 2009). The lat-
ter event (SN 2008ha), in particular, is consistent with
extremely low mass ejecta and energetics. We predict the
FD models to produce similar properties to those char-
acterizing SN 2002cx like SNe, given the low expansion
velocities and the low estimated 56Ni yield, and poten-
tially even explaining SN 2008ha like events with low
mass ejecta.
Though our initial set of simulations is limited, the
robust features of FD’s, including low velocity ejecta,
the expected low luminosity (due to the small yield of
56Ni) and their low mass ejecta (comparable to that SN
2008ha) make them tantalizing candidate progenitors for
this branch of peculiar SNe. Note that the single degen-
erate origin of such SNe is also consistent with the overall
typically young (but not necessarily young; Foley et al.
2010) environments found for SN-2002cx like SNe, com-
pared to the expectations from, e.g. core-collapse SNe
(only very young environments).
4.2. WD’s with Heavy/Iron-Rich Cores
In our FD scenario, a large amount of burnt material
falls back to the remnantWD. From table 1, the WDmay
incorporate as much as 0.3 M⊙ of IGE’s and 0.07 M⊙ of
IME’s of fallback material, together comprising as much
as ∼ 18% of the remnant C-O WD. In time, these ele-
ments are likely to gravitationally settle to the WD core,
creating WD’s with iron-rich/heavy core. The existence
of iron-core WD’s has been considered before, with even
the potential observation of such WDs (Provencal et al.
1998; Catala´n et al. 2008). The FD scenario therefore
provides a novel evolutionary scenario for the formation
of these iron/heavy-core C-O WD’s. A somewhat related
scenario of failed SN was suggested for the formation of
O-Ne-Mg WDs with iron cores (Isern et al. 1991).
4.3. WD Natal Kicks
FD’s produce a highly asymmetric ejection of mate-
rial. This is not unique amongst various models for SNe
explosions. However, in our FD case, the WD survives
the explosion. Considering momentum conservation, this
5gives rise to a unique outcome, namely that the surviving
WD is kicked at very high velocities, ranging hundreds of
km s−1. The FD scenario suggests the existence of strong
WD natal kicks, and provides an interesting prediction
per the existence of hypervelocity WDs. Taken together,
the potential existence of a a heavy core WD (discussed
in section 4.2), and the high ejection velocity produce a
highly peculiar object, which, if observed may provide a
possibly unique smoking gun signature. One should note,
however, that the population of halo WDs may also have
relatively high velocities, and it might therefore be dif-
ficult to pinpoint the kinematic property as related to
a natal kick (unless the WD is massive and young; an
unlikely possibility for the old population of halo WDs).
We note that velocities of hundreds of km s−1 could be
larger than the orbital velocities of the SN binary progen-
itor, and a kick velocity of such magnitude can therefore
unbind the binary. Various binary configurations have
been explored for the single degenerate progenitor mod-
els, including progenitors with MS and RG companions
(Hachisu et al. 1996; Marietta et al. 2000). We conclude
that the range of WD kick velocities could either unbind
the binary (more likely for WD-MS binaries), or leave
behind a bound WD binary (more likely for the WD-RG
binaries). The latter case could lead to the formation
of a very compact, but potentially eccentric WD-binary,
which would be difficult to produce through other chan-
nels of binary evolution.
5. SUMMARY
Our simulations demonstrate the properties of a sce-
nario in which the deflagration is too weak to unbind
the WD and the conditions to trigger a detonation are
not met. These failed-detonations result in an asymmet-
ric outburst of deflagration material consisting of IME’s
and IGE’s along with a fraction of the original WD still
gravitationally bound. The models produce a family of
faint SNe Ia with a slowly evolving light curves due to
the low 56Ni yield and the low energetics. The remain-
ing WD gets a kick on the order of hundreds of km s−1
and is contaminated with fall-back from the deflagra-
tion, producing a WD with an iron-rich/heavy core. We
presented our initial simulations to quantify the some
of the bulk observable properties and demonstrate the
conditions under which the GCD fails. We further hy-
pothesize that the FD model is a possible explanation
for 2002cx-like SN. Future studies will explore the de-
tailed observational features of FD SNe and their direct
comparison to observations.
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6TABLE 1
Simulations Properties
sim ∆xa nign
b rign
c zign
d Enuce C-OB
f IMEB IGEB vB
g C-OE
h IMEE IGEE Ekin,E
i vave,E
j
name (km) (km) (km) (Ebin) (M⊙) (M⊙) (M⊙) (km s
−1) (M⊙) (M⊙) (M⊙) (ergs ·1050) (km s−1)
2D70 4 4 64.0 70.0 0.89 0.93 0.07 0.13 119 0.13 0.03 0.07 0.32 3,730
3D48 8 63 128.0 48.0 1.06 0.84 0.06 0.09 351 0.16 0.05 0.16 0.90 4,932
3D38 8 63 128.0 38.0 1.30 0.68 0.05 0.05 411 0.27 0.09 0.24 1.6 5,139
3D28 8 63 128.0 28.0 1.51 0.49 0.03 0.04 549 0.41 0.13 0.30 2.3 5,229
3D18 8 63 128.0 18.0 1.67 0.26 0.02 0.02 483 0.58 0.17 0.34 2.9 5,193
a Maximum spatial resolution.
b Number of ignition points.
c Radius of the spherical volume containing the ignition points.
d Z coordinate of the origin of the spherical volume containing the ignition points.
e Energy released during the deflagration phase divided by the binding energy of the star (Ebin = 4.5× 10
50 ergs).
f “B” refers to gravitationally bound material.
g Velocity of the gravitationally bound material .
h “E” refers to material that will escape the system.
i Average kinetic energy of the escaping material.
j Mass weighted velocity of escaping material.
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